Work performed from the beginning of the project to the end of the period covered by the report and main results achieved so far
The majority of fellows started less than 18 months ago. The fellow's work on their project and the majority has changed its workplace at least once. Many of them started in Academia and are now in industry. At this stage they are becoming professionals in the field of research and start to create high-level results. This is visible in first publications and patents.
Training:
The fellows received intensive training in one general scientific training workshop (a second will follow in May 2018) and one research training workshop (the next will follow in October 2018). Because of a close collaboration between academics and industry and common interests the fellows very well receive the training especially the training at industrial beneficiaries. For all of them working in a development and research department is an unmatched experience that creates motivation and gives new insight on product development and valorization that cannot be found at academia.
Work subjects and work performed
A detailed pictures of then work performed and the subjects of each fellow can be painted when looking at the posters attached to this report.
Introduction
Ptychography [1] is a scanning coherent diffraction imaging (CDI) technique that is recently appealing to EUV and X-ray communities due to its high fidelity and its minimum requirement on optical imaging elements. For taking more advantage of the lately developed tabletop high harmonic generation (HHG) laser, the PIM method has been frequently utilized [2] . In the light of the coherence nature of the HHG and the fact that most of the objects are wavelengthindependent, here we propose an another algorithm for performing ptychography with multiple wavelength illumination.
Simulation:
Retrieving complex transmission with an illumination which contains 20 wavelengths • Object points (X) pass through each pinhole on the mask (M). Each pinhole creates a shifted image (Y) on the detector. These images are added together. Theoretically, the object image can be successfully reconstructed from a lensless system without noise.
Lens based Mask based
The reconstructed image quality is constrained by the finite detector size (lose part of the information).
If the denominator becomes small, the inverse calculation will become numerically unstable.
Reconstruct a image with good quality If F{M} is a (near) flat Fourier spectrum, the image can be reconstructed. e.g. Uniform redundant array (URA), Modified URA Reconstruct a recognizable image (Application-driven) Unlike the camera, the recognition system does not need to be a perfect imaging system. Instead, satisfied quality threshold is enough for recognition system. Pattern recognition system needs to produce satisfactory image quality at the least computational expense.
Outlook
An imaging method for detecting application is been studied. A coded amplitude mask is placed in front of the detector and therefore object image is modulated by the apertures. Generated images on the detector are shifted and mirrored of the original object image. Intensity on the detector is the convolution between the object and absolutely square of the Fresnel propagation of the mask. A computational algorithm is then used to reconstruct the object image. The dispersion of an optical material is described by two parameters:
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Conclusion and Outlook
1. The Abbe-number (ν D )
The Partial dispersion (P e,F )
where the indices refer to the Fraunhofer lines ( Figure 1 ). • The focus shift between F and C of a single lens is given by: ∆ , = Τ .
The achromat
• The focal shift ∆ , can be eliminated by adding a second lens (figure 2). But a secondary spectrum (figure 3) remains: 
Optical materials
Ideal material
Ideal materials for an achromat
• An ideal material for a positive lens has a high ν D (low dispersion) and a high n d (figure 4).
• To reduce the secondary spectrum of an achromat the negative lens's material should have the same P e,F as that of the positive lens, but a very small ν D (figure 6).
Figures 4 and 5 illustrate that no materials, which fulfil these requirements exist.
Nanocomposites
In the last decades, the performance of optical systems has been pushed to the limits, mainly through advances in optical design. But constraints on the costs or dimensions now often prevent further improvement in the performance or functionality. That's why the objective of this project is the development of new materials that can form the building blocks of a new generation of optical components. • Nanoparticles, which are much smaller than the wavelength of light act as dipole scatters.
• Their polarization in an external field is p = α inc E local (figure 6), where α inc is the polarizability.
• This optical properties of the nanocomposite can consequently be described by an effective permittivity ϵ eff (refractive index = ):
The refractive index of the composite material can be tuned by varying the volume fraction (f), and the polarizability α inc (the material, size and shape of the nanoparticles).
The design of materials whose properties are tailored to the application at hand allows to enhance the performance of optical system while maintaining the same design complexity. In this project, we develop tools to predict and explain the optical properties of composite materials. Furthermore, we fabricate and characterize such materials, and build prototypes to proof their benefits.
ESR No: 4 Evgeniia Slivina
Project objective
The inability to reach theoretically predicted upper bounds for the efficiency of solar cells is caused by multiple reasons that are encountered on different length scales of the solar cell device and in the context of different physical settings. To capture all these effects, a holistic modeling approach is needed. Developing and applying tools to reliably improve the conversion yield of the silicon-based solar cells is at the heart of the PhD thesis. The first part of the project is dedicated to optical simulations for heterojunction (HJT) cells. To achieve an optimum light trapping, we exploit optical features with sizes in both ray and wave optics regime. Two nanoparticle shapes were considered: spherical and cylindrical:
Decoupled
• Spherically-shaped scatterers do not surpass the performance of the standard HJT cell • Cylindrically-shaped particle significantly reduce the reflection of the cell, hence could be used in combination with pyramidal structures for even better AR performance
ESR No: 5 Kevin Müller
Typical binary dielectric metasurface 
Taking advantage of mode information for the design of metasurfaces
• The number of excited propagating modes allows to classify metasurfaces. Singlemode metasurface are less wavelength sensitive. Sharp resonances are present mostly in multi-mode metasurfaces.
• The coupling coefficients and the propagation constants of the mode can be used to construct a more simple and meaningful model of the metasurface.
• The mode profiles give an indication on its confinement which is related to the interaction between the adjacent structures.
Silicon cylinders embedded in glass.
Number of propagating mode pairs for a metasurface composed a silicon cylinders embedded in glass. "F" is the filling factor. The wavelength λ is 1477 nm.
Fourier Modal Method (FMM)
The Fourier modal method, also know as Rigorous CoupledWave Analysis (RCWA), is the main method used in this thesis to simulate metasurfaces. It is divided into 2 steps:
• Compute the modes in the metasurface.
• Find the weight of the different modes and the reflection/transmission coefficients from the boundary condition.
We have modified the FMM in order to:
• Compute the coupling coefficients. It allows the simulation of a thicker metasurface in a few microseconds.
• Automatically select the modes that are needed for an accurate simulation of the metasurface.
• Orthonormalize the modes.
Project objective
Binary dielectric metasurface can act as a phase function with a high transmission efficiency and it requires a single lithography step for its fabrication. Those specifities make such a metasurface an interesting candidate for optical devices. The objective of this project is to design binary dielectric metasurfaces for various applications in the infra-red domain. The first part of this project is focused on creating tools that facilitate their design and improve the understanding on their interaction with light.
Orthonormalization and the Poynting operation References
This research has received funding from the European Union's Horizon 2020 research and innovation program under the Marie Skłodowska-Curie Grant Agreement No. 675745. 
Binary dielectric metasurface for infra-red applications
Specificity of an ideal operation and the Poynting operation
In order to get an insight from the mode weights and the coupling coefficients, the modes need to be orthonormal based on a chosen operation. For this purpose, we developed an operation related to the Poynting vector called the Poynting operation.
For isotropic lossless periodic metasurfaces, the Poynting operation is defined as:
Where ψ m is a mode and Λ is a unit cell. The Poynting operation is related to the following orthogonality relation:
Where γ is the propagation constant of the mode.
Ideal operation Poynting operation Physical meaning
Related to the power flux (active and reactive)
Related to an orthogonality relation
Only for lossless strictly bidirectional metasurface
Positive definiteness Only for forward-propagating modes
The Poynting operation C: matrices containing the coupling coefficients. The arrows represent the modes.
[1] Efficient polarization-insensitive complex wavefront control using Huygens' metasurfaces based on dielectric resonant meta-atoms, K. E. 
Project objectives
• We propose the method for optimizing the diffractive optical elements(DOEs) such as 1D fan-out gratings. It is useful for calculating the gratings with large grating period and small feature sizes where thin element approximation(TEA) is inaccurate.
• The diffractive efficiencies of gratings in a non-paraxial domain are calculated by using the step-transition perturbation approach.
• Gradient descent method with step-transition perturbation approach for optimizing the gratings is expressed.
Simulation and optimization with step-transition perturbation approach in diffractive optical elements 
Diffractive Optical Elements Simulation of DOEs
Step-transition perturbation method
Gradient optimization with step-perturbation method
• By using rigorous methods, e.g. Rigorous coupled wave analysis (RCWA), we can calculate the diffraction efficiencies accurately. However, these methods require too long simulations times for 2D gratings with a large grating period.
• Thin element approximation(TEA) is a simple and fast method. However, the TEA becomes inaccurate in the case where the feature sizes are comparable with the wavelength of the incident beam.
We require the methods to calculate the diffraction efficiencies of gratings with the large grating period and small features where the TEA is no longer accurate, and RCWA is practically difficult to use due to the high computational effort. The diffraction pattern describes the diffracted field as a superposition of a geometric wave and the wave generated at the edges. Therefore the predictions of the TEA are complemented with field perturbation arising from sharp transition steps [1] .
Constructed field behind the element 3. The Fourier coefficients of total field
Fourier coefficients of perturbation can be obtained by superposing the perturbations which can be easily calculated by applying Fourier shifting theorem.
For 1D binary fan-out gratings, we express the diffraction efficiencies as a function of the transition points including the contribution of field perturbation created by the abrupt steps. In the equation, the variables are about the transition points; 2 −1 , 2 ,and . Therefore, we can implement the gradient as a function of transition points [2] .
2 is total transition points is the diffraction efficiency of each diffraction order Φ 2 is the phase of field in DOE is the k:th transition points Φ 1 is the phase of field in air Φ 1 − Φ 2 = ΔΦ
ESR No: 8 Jannik Trapp
Project Objective
The use of holographic lenses is currently restricted as the angle and wavelength selectivity of holographic gratings results in imaging limitations, especially for polychromatic and large field of view applications. Our goal is to improve holographic lens design to overcome these limitations and enable the use of holographic lenses in novel applications. 
Design of holographic lenses
Diffraction Efficiency (Transmission Grating)
High diffraction efficiency over the entire visible spectrum is necessary for polychromatic imaging:
• Diffraction efficiency is a function of: Grating period, grating slant angle, grating thickness, refractive index modulation, input wavelength and incidence direction.
• The figure to the right shows rigorous simulations based on the Fourier Modal Method to optimize grating parameters for imaging application:
• Top left: two efficiency windows for period and thickness.
• Top right: broad wavelength bandwidth as a function of angular bandwidth for a fixed parameter choice of period, thickness and index modulation.
• High efficiency without polarization effects can be realized for a grating period range indicated in bottom row figures.
NOLOSS Optical design for manufacture at different length scales Lossless photon management
Dispersion
Color Compensation
Grating dispersion occurring in holographic gratings needs to be compensated for polychromatic imaging:
• Transversal dispersion depends on diffraction order and can be cancelled by a tandem of two gratings operating in opposite diffraction order [1] .
• Longitudinal dispersion is partially cancelled by the dispersion occurring in human eyes and therefore not thought to be relevant in human vision applications [2] .
Efficiency vs. wavelength and angle Efficiency vs. period and thickness
Conclusion and Outlook
So far, we have solved the issues of chromatic imaging with holographic lenses. In future research activities, we want to overcome the angular selectivity of holograms to design holographic lenses with a large field of view.
Dispersion compensation principle
Experimental Results
The described considerations for chromatic images have been used to design and build a holographic lens: 
ESR No: 9 Paolo Ansuinelli
Project objective
The successful implementation of extreme ultraviolet lithography (EUVL) for the next-generation technology nodes depends critically on the availability of EUV mask technology and related actinic (@13.5 nm) mask metrology. In particular, we are investigating sub-wavelength resolution using model based estimates of parametrized a-periodic features which are of interest owing to current trends in the lithography industry. 
EUV Mask Metrology via Ptychography
Materials
Numerical results
Metrology of 3D EUV masks is important for:
• Detection of mask defects in the patterned absorber • Control proper absorber patterning Far-field diffraction-based metrology will be employed. We will complement the technique of X-ray ptychography making use of prior information about the target, given by the lithographic mask, to extend metrology to a-periodic samples.. Ref [1] Image : Stanford Synchrotron radiation lightsource
Optical Scatterometry
Image: "Overview of EUV Mask Metrology"-SEMATECH Inc.
Patterned absorber image courtesy of ASML
ESR No: 10 Jonas Berzins
Project Objective
A metasurface is a two-dimensional arrangement of nanoscale scatterers with capability to alter phase, polarization and amplitude of light [1] . As shown in Fig. 1 , such metasurfaces open new possibilities in optical systems with the potential to replace conventional optical components such as:
• microlenses, • polarizers,
• color filters. All-dielectric metasurfaces, in contrary to the more known plasmonic ones, provide a reasonable solution towards a lossless optical system, while maintaining the flexibility of controlling the resonances of electric dipole (ED) and magnetic dipole (MD) in the range of visible light [2] . 1,2 , F.Silvestri 1 , G.Gerini 1,3 , F 
OPTICAL SYSTEMS BASED ON METASURFACE ELEMENTS J.Berzins
Polarizers
Structures elongated on one axis (Fig. 4 ) become polarization dependent, at particular dimensions enabling the metasurface to work as a polarizer (Fig. 5) .
Color Filters
Color filters are designed by tuning the ED and MD resonances by the change of Silicon nanodisk's dimensions: height, diameter, periodicity. The best filter functions for RGB (Fig. 2) can be found directly via sweeps of parameters or can be successfully derived from other color functions, like CMY (Fig. 3) . 
ESR No: 11 Xavi Garcia
Project objective
Nanophotonic devices with high performance normally requires the use of complex structures. The search for their optimal shapes is normally a high dimensional global optimization problem hard to compute. We present a Bayesian optimization algorithm based on Gaussian processes in order to optimize nanophotonic strucutres. This method demonstrates to be very efficient in high dimensional problems where relatively high computational times are required for each simulation .
OPTIMIZATION OF NANOPHOTONIC STRUCTURES USING GAUSSIAN PROCESSES
Xavier Garcia-Santiago, Philipp Schneider, Martin Hammerschmidt, Lin Zschiedrich, Sven Burger, Aimi Abass, Ivan Fernandez-Corbaton, Carsten Rockstuhl KIT, Germany and JCMwave, Germany, xavi.garcia@jcmwave.com 
References
Project objective
The focused plenoptic camera is composed of a sequence of an objective and a plenoptic sensor: it allows to capture both position and direction of light rays. The flexibility of the optical setup enables to adjust the spatial and angular contents of the sampled information enhancing either the Depth of Field and sacrificing spatial resolution, or optimizing the system for high spatial resolution and loosing depth information. 
THE FOCUSED PLENOPTIC CAMERA
Complex field and irradiance in the image plane
Fig1 shows the 3-D view of our simulated configuration (Center to center distance between the slits, slits width and the image plane distance from the double-slit). The source illuminates the Double-slits and the irradiance is calculated on the screen/image plane. The Source wavelength is 405 nm . Fig. 4 . explains the mechanism of random screens method. Random screen phases are multiplied by the complex source field and the irradiance is calculated incoherently. This process is done for a certain number of random screens and the average irradiance is the output. Fig. 3 . shows how the plane waves method works. The source is considered as the superposition of plane waves in different angles. The biggest angle is defined as theta in Fig 4. This parameter shows the amount of coherency. For bigger angles, the coherency is lower. For near zero angles, the source is much more coherent. Fig. 6 . demonstrates a relation between the two parameters of these methods. Every 'theta' corresponds to a 'coherency ratio' which both result in the same contrast. 
Geometry Definition
• The complex field in the image-plane is the fourier transform of complex field in source plane for every single frequency.
• The waves with two different wavelengths do not interfere (in-coherent waves).
• The non-coherent irradiance pattern (it is more clarified in Fig. 2.) . 
Results Conclusion
• Two different methods are used to model the source coherency.
• The both method demonstrate the same irradiance pattern for a certain contrast
• Both methods are doing the same job with different procedures
